Water mixtures of normal or waxy corn starch were treated with a high hydrostatic pressure (HHP) of 600 MPa at 40 C for 1 h, and the effect of starch content (10 70% (w w)) on the physical properties of HHP-treated starch was evaluated by differential scanning calorimetry (DSC), X-ray diffraction, water holding capacity, cold water solubility and optical microscopy. With decreased starch content, HHP-treated starches showed loss in gelatinizaion enthalpy, less sharp X-ray diffraction patterns, and reduced water holding capacity and cold water solubility. More enhanced reductions in water holding capacity and cold water solubility were observed with normal corn starch than with waxy corn starch. The morphology of HHPtreated starch differed between normal and waxy corn starches. When completely pressure-gelatinized, the granular shape of HHP-treated normal corn starch was retained, while that of HHP-treated waxy corn starch was disintegrated.
Starch gelatinizes upon heating in the presence of water, and various textures can be given to the starch water mixture depending on the condition of heat treatment. Therefore, it is important to control the gelatinization behavior in heat treatments in food processing and cooking of starchy foods such as rice and surimi.
For the improvement of texture and handling of starchy foods, modified starches can be used: fully gelatinized starch prepared by drum drying and chemically modified starches such as starch ether and phosphorous linked starch. Partially heat gelatinized starch is commercially available. 1) However, it is not very easy to prepare partially heat gelatinized starch with controlled gelatinization degree on an industrial scale because the processing conditions such as water content and temperature must be controlled with great attention. For example, the gelatinization degree of starch must be controlled within a narrow temperature range (approximately 10 C) between onset and end temperatures of gelatinization. Actually, such partially gelatinized starch has not yet been widely used due to the difficulty and only a few kinds of partially gelatinized starch are available in Japan. However, it is of great concern in the starch industry to modify starch properties by non chemical but physical processes such as heat and pressure treatments because of increased demands for the safety of starchy food. Among the physical processes, high hydrostatic pressure (HHP) treatment is attracting great attention because of its homogeneous, simultaneous, and energy conserving features. We assume that the homogeneous feature of HHP treatment may have an advantage over the other physical treatments in order to prepare partially gelatinized and homogeneous starch products.
Starch can also be gelatinized by treating a starch water mixture with HHP. Since 1987 when the application of HHP to food processing was suggested by Dr. Hayashi in Japan, 2) HHP treated foods such as jams and meat products have been commercialized and studies on pressure gelatinization of starch have been intensively carried out. In general, the conditions for pressure gelatinization depend on starch variety. For pressure gelatinization at low starch content, wheat starch, a cereal starch, requires more than 300 MPa, 3, 4) while potato starch, a tuber starch, needs 800 to 900 MPa. 5) As for variety among one botanical species, it is reported that high amylose corn starch has higher pressure resistance than waxy corn starch. 6 9) In terms of compositional relevance, the effect of starch content in the starch water mixture on the pressure gelatinization has not been studied sufficiently and systematically. By treating wheat starch water mixtures of three different water contents at 600 MPa and 20 C for 15 min, it was revealed that a minimum water content of about 50% is necessary. 6) However, most of the experiments have been carried out at fixed starch contents between 5 and 30% (w w) which are relatively low. 4,7 18) Recently, the effect of starch content and pressure on the pressure gelatinization was investigated and a phase diagram was presented by treating potato starch water mixtures (10 70% (w w)) at 300 1200 MPa and 40 C for 1 h. 19) Furthermore, the water holding capacity and cold water solubility, which are important physical properties for applying starch products to food, of HHP treated starch have not intensively studied. Wheat starch (starch content of 5%) was treated at 0.1 600 MPa and 25 C for 15 min and the water holding capacity was compared with that treated at 0.1 MPa and 20 96 C for 15 min. It was indicated that the water holding capacity of HHP treated starch increased at more than 400 MPa and the capacity was still lower than that of the heat treated starch. 3) However, regarding the water holding capacity, the effect of starch content and starch variety with different amylose content on the water holding capacity and cold water solubility have never been reported. Other physical properties of HHP treated starch have been reported in terms of viscosity characteristics evaluated by Rapid Visco Analyzer 20) and morphological features observed by microscopy. 4, 6, 7, 12, 20, 21) However, the effect of starch content on those physical properties has not been systematically investigated.
In this study, normal and waxy corn starches were treated with HHP at 600 MPa where in the presence of excess water wheat 3) and corn 6) starches were gelatinized completely, and the water holding capacity and cold water solubility of the HHP treated starches were investigated toward utilizing the physically modified starches as a texture modifier for food.
MATERIALS AND METHODS
Preparation of starch water mixture. Normal corn starch (San ei Sucrochemical Co., Ltd., Chita, Japan) and waxy corn starch (J OIL MILLS, Inc., Tokyo, Japan) were used. The moisture contents of the starches were gravimetrically determined by oven drying at 105 C for 12 h to be 12.9 and 13.3% (w w), respectively. Their amylose contents were measured by using an Amylose Amylopectin assay kit (Megazyme International Ireland Ltd., Wicklow, Ireland) to be 26.4 and 4.8%, respectively. Starch content (% (w w)) in this study equals the percentage of starch dry weight (g) in the total weight of the starch water mixture. Starch (approximately 250 mg dry matter) was put into a polymer pouch (70 × 20 mm), and then distilled water was added to prepare 10 70% (w w) starch water mixtures. The pouch containing the starch water mixture was heat sealed.
High hydrostatic pressure treatment. HHP treatment was carried out by using a HHP generating system (HPS 1400, Teramecs Co., Ltd., Kyoto, Japan: cylindrical vessel with 20 mmφ × 65 mm). A castor oil ethanol mixture (volume ratio of 1:2) was used as a pressure medium. The temperature of the pressure medium was kept at 40 C with an equipped temperature controller. The starch water mixture sealed in a pouch was shaken manually and set quickly in the HHP vessel after the preparation. Pressure was built up at approximately 100 MPa min and held at 600 MPa for 60 min. After the treatment, the pressure was released to ambient pressure at 100 MPa min.
Preparation of heat-treated starch. Heat treated starch used for comparison was prepared by using a rapid visco analyzer (RVA 4, Newport Scientific Inc., Jessup, Austra-lia). A starch water mixture (28 mL) containing 2% (w w) (dry matter water) starch was put into a RVA sample holder. While being stirred at 160 rpm, the sample was kept at 50 C for 1 min, heated to 95 C at 10 C min, kept at 95 C for 10 min, and cooled to 50 C at −10 C min. The sample was then frozen to −80 C. The frozen sample was freeze dried by a freeze dryer (TF20 85ATNNNS, Takara Seisakusho Co., Ltd., Aichi Japan) and milled (Labo Milser LM 2, Osaka Chemical Co., Ltd., Osaka, Japan) to powder which passed through a sieve with a 300 µm opening (Test sieve JIS Z 8801, Tokyo Screen Co., Ltd., Tokyo, Japan).
Differential scanning calorimetry (DSC) measurement. DSC measurement was carried out with a DSC (Diamond DSC, PerkinElmer Co., Ltd., Waltham, USA). An empty stainless steel pan was used as a reference, and the temperature and heat flow change were calibrated with indium and distilled water. As starch water mixture (approximately 10 100 mg) was put into the steel pan, and then the starch content was adjusted below 30% (w w) by adding distilled water. The DSC measurement was performed at 10 C min in the temperature range of 20 150 C. The DSC thermogram was analyzed by using Thermal Analysis Pyris Software interfaced with the DSC.
Degree of gelatinization. Since the gelatinization enthalpy of raw starch obtained by DSC varies among starches of different species and phenotypes, degree of gelatinization can not be evaluated among those starches by comparing their gelatinization enthalpies directly. Therefore, a relative value calculated by applying gelatinization enthalpy of raw starch (∆ Hgel 1) and that of HHP treated starch (∆ Hgel 2) to Eq. (1) was used to compare the degree of gelatinization.
Degree of Gelatinization (%) = [(∆ Hgel 1 − ∆ Hgel 2) ∆ Hgel 1] × 100 (1) The degree of gelatinization was not affected by the freeze drying process after HHP treatment.
X-ray diffractometry. HHP treated sample (approximately 200 mg) was directly placed on a glass holder and applied to the measurement by using an X ray diffractometer (RAD X, Rigaku Corporation, Tokyo, Japan) under the condition as follows: CuKα1, 40 kV; 25 mA; divergence slit, 1 ; anti scatter slit, 1 ; receiving slit, 0.15 mm; scan rate, 2 min; scan step, 0.02 .
Water holding capacity. Starch sample was rapid frozen to −80 C immediately after HHP treatment. The frozen sample was freeze dried and milled to powder which passed a sieve of 300 µm opening as described in the section "Preparation of heat treated starch". The freeze dried powder sample (0.25 g) was put into a tube of 15 mL volume and 10 mL of distilled water (20 C) was added. After homogenization at 17,500 rpm for 30 s by using a homogenizer (ULTRA TURRAX T8, IKA Ñ Werke GmbH & Co. KG, Staufen, Germany), the homogenized sample was kept at room temperature for 15 h. The volume of precipitated suspension was measured and the volume per sample weight (mL g) was used for evaluating the water holding capacity.
Cold water solubility. The frozen sample was freeze dried and milled to a powder which passed through a sieve with a 300 µm opening as described in the section "Preparation of heat treated starch". To the freeze dried powder sample (2.0 g), 50 mL of distilled cold water (20 C) was added, and the suspension was homogenized at 17,500 rpm for 1 min by the above mentioned homogenizer. The homogenized sample was centrifuged at 5,000 ×! and 20 C for 20 min, and the supernatant was frozen at −80 C and freeze dried. Weight of freeze dried supernatant per initial starch weight (dry matter) was used as starch solubilized in cold water at 20 C to evaluate the cold water solubility of HHP treated starch.
Microscopic observation. Distilled water was added to HHP treated starch to prepare dilute starch suspension at the concentration of 0.5%, and a few drops of Lugol s solution composed of 1 g of I2, 2 g of KI, and 300 mL of distilled water was added to the preparation for microscopic observation by a light microscope (Axiophot, Carl Zeiss Micro Imaging GmbH, Hamburg, Germany). Observation was carried out in two modes: bright field light mode and polarized light mode.
RESULTS

Degree of gelatinization.
Dependences of gelatinization degree of HHP treated starch on starch content are shown in Fig. 1 . The dependences for normal and waxy corn starches differed above the starch content of 30% (w w). With decreased starch content of normal corn starch, the degree of gelatinization increased gradually and complete pressure gelatinization was achieved at the starch content of 30% (w w) and below. When the starch content of waxy corn starch decreased, the degree of gelatinization increased steeply as compared with normal corn starch and reached 100% at 30% (w w) and below. It was indicated that complete pressure gelatinization was achieved at and below the starch content of 30% (w w) and that normal corn starch was more pressure susceptible than waxy corn starch at and above 40% (w w).
X-ray diffraction.
X ray diffraction patterns of native and HHP treated (A) normal and (B) waxy corn starches are shown in Fig. 2 . Raw starches of normal and waxy corn showed A type diffraction patterns typical of cereal starches. 22) Starches treated with HHP at and above 60% (w w) gave the diffraction patterns which did not differ from the corresponding raw starch significantly. The intensity of each specific diffraction peak decreased at 50% (w w) for both HHP treated starches significantly. Broad diffraction patterns implicating amorphous feature and completion of pressure gelatinization were observed at and below the starch contents of 40 and 30% (w w) for HHP treated normal and waxy corn starches, respectively. Trace diffraction peaks were still visible on the broad patterns at the diffraction angles of around 15 20 degree (2θ) for the HHP treated normal corn starch at 40% (w w). These results indicate that, as well as in the case of degree of gelatinization determined by DSC measurement, pressure susceptibility of normal corn starch was higher than that of waxy corn starch at high starch contents. Figure 3 compares water holding capacity between HHP treated (A) normal and (B) waxy corn starches at a range of starch content. For comparison, the water holding capacities of heat treated normal corn starch (24 mL g) and waxy corn starch (40 mL g) are indicated, respectively. The water holding capacity of HHP treated normal corn starch increased with decreased starch content, and HHP treated samples at starch contents of 10 30% (w w) which were measured to be completely gelatinized in DSC measurement ( Fig. 1 ) and X ray diffractometry (Fig. 2 ) gave a water holding capacity of about 8 mL g, which was at a maximum one third of that of the heat treated starch. Water holding capacity of HHP treated waxy corn starch was comparable with that of normal corn starch at starch contents between 50 and 70% (w w). However, it was higher at and below 40% (w w) and comparable (40 mL g) to the heat treated sample at starch contents of 10 and 20% (w w). Figure 4 shows cold water solubility of HHP treated (A) normal and (B) waxy corn starches at a range of starch content. Cold water solubilities of heat treated normal corn starch (28.8%) and waxy corn starch (96.7%) are indicated in each figure. Cold water solubility of HHP treated normal corn starch was much lower than that of heat treated one and it gave 2.4% at a maximum at the starch content of 10% (w w) of which mixture was judged to be completely pressure gelatinized by DSC measurement (Fig. 1 ) and X ray diffractometry (Fig. 2) . The cold water solubility of HHP treated waxy corn starch was comparably low to that of HHP treated normal corn starch at 60 and 70% (w w), and it increased with decreased starch content, giving significantly higher values of around 80% at 10 and 20% (w w) as compared with those of HHP treated normal corn starch.
Water holding capacity.
Cold water solubility.
Microscopic observation.
Micrographs of native and HHP treated (A) normal and (B) waxy corn starches are shown in Fig. 5 . For each HHP treated starch, micrographs were taken both in bright field light mode and in polarized light mode. Native and HHP treated samples of normal corn starch were stained purple and those of waxy corn starch were brownish red. In the polarized micrographs, the crystalline feature of non gelatinized starch granules was observed as black and white contrast with a dark cross running through each white granule. At and above the starch content of 60% (w w), no significant change in the polarized photographs was observed in either starch. At 50% (w w) the birefringence of some granules of both starches was lost, and at 40% (w w) most of the granules were swollen and the number of the birefringent granules decreased significantly. Outlines of swollen HHP treated normal corn starch granules were distinct, while those of swollen HHP treated waxy corn starch granules were faint. At 30% (w w) and below, the black and white contrast in the polarized photographs was completely lost in both starches with retained outlines of HHP treated normal corn starch granules and disintegrated granular shapes of most HHP treated waxy corn starch granules in the bright field light micrographs.
DISCUSSION
In terms of starch variety, pressure susceptibility of starch has not been studied sufficiently and systematically. It has been reported that pressure resistance of starch depends on the botanical origin of the starch and that cereal starches such as normal corn, waxy corn, rice, wheat and barley starches are in general more susceptible to pressure than tuber starches such as potato and taro starches. 6) As for the pressure susceptibility of starches with different amylose content, waxy corn starch (trace amylose) was reported to be more susceptible to pressure than high amylose corn starch (amylose content: 68%). 7, 8) However, the experiments in the above mentioned reports were carried out at their respective fixed starch contents and the effect of starch content on the pressure susceptibility was not studied. In addition, in X ray diffractometry waxy corn starch shows the A type pattern which is typical of cereal starch, while high amylose corn starch gives the B type pattern which is typical of tuber starch, 22) indicating a significant difference between their granular structures. For comparing X ray diffractograms among HHP treated starches, it is suggested to adopt normal and waxy corn starches.
In this study, normal and waxy corn starches, which show A type diffraction patterns in X ray diffraction, 22) were HHP treated at 600 MPa and 40 C for 1 h, and the effect of starch content on the physical properties such as degree of gelatinization, X ray diffraction profile, water holding capacity and cold water solubility was investigated.
It is reported in the DSC analysis of potato starch that complete heat gelatinization of starch requires at least 14 water molecules per anhydrous glucose unit (molecular weight = 162), 23) which corresponds to the starch content of 39.1% (w w). As revealed by DSC measurement (Fig. 1 ) and X ray diffractometry (Fig. 2) , HHP starches of both phenotypes gelatinized completely at and below the starch content of 30% (w w). Therefore, it was indicated that water requirements for pressure gelatinization of normal corn starch and waxy corn starch at 600 MPa and 40 C for 1 h were comparable to the heat treatment of potato starch. 23) Figures 1 and 2 indicated that complete pressure gelatinization was achieved at and below the starch content of 30% (w w) and that normal corn starch was more pressure susceptible than waxy corn starch above 30% (w w). Partly pressure gelatinized normal and waxy corn starches with controlled degree of gelatinization can be prepared by utilizing the data in Fig. 1 after data interpo-lation. With decreased starch content, the degree of gelatinization of HHP treated normal corn starch increased more gradually than that of HHP treated waxy corn starch. Therefore, by adjusting the starch content, the degree of gelatinization of HHP treated starch will be controlled more precisely with normal corn starch than waxy corn starch.
Water holding capacity in this study was evaluated by the volume of HHP treated starch being swollen with water ( Fig. 3 ). As seen in Figs. 3 and 4 , both water holding capacity and cold water solubility of HHP treated waxy corn starch increased drastically at and below the starch content of 20% (w w), and the water holding capacity was comparable to the heat treated waxy corn starch which was completely gelatinized and swollen. In the microscopic observation ( Fig. 5 ), HHP treated waxy corn starch swelled and the granules disintegrated with decreased starch content, especially at and below 30% (w w). This result was consistent with the data in Figs. 3 and 4. Stute et al . 6) reported that HHP-treated waxy corn starch (starch content, 25% (w w); 550 MPa and 20 C for 15 min) was swollen with the granules disintegrated while completely HHP gelatinized normal corn starch retained the granular shape. Our results on the water holding capacity and the microscopic observation are consistent with the report by Stute et al . 6) In addition, cold water solubility of HHP treated normal corn starch was very low (Fig. 4) . This was consistent with the report that amylose release of HHP treated wheat starch was lower than that of the heat treated one. 3) Although there has been no description on the mechanisms of vulnerability of waxy corn starch to HHP and low amylose release or cold water solubility of HHP treated normal corn starch, it can be suggested that amylose plays an important role on retaining the granular shape of HHP treated starch.
In this study, partly or completely gelatinized normal corn starch with varied water holding capacity, low cold water solubility, and retained granules was prepared by HHP treatment. Furthermore, partly gelatinized HHP treated waxy corn starch showed lower cold water solubility than the heat treated one and retained granular shape, while completely gelatinized HHP treated waxy corn starch showed increased cold water solubility and water holding capacity with disintegrated granules. Those partly gelatinized HHP treated starches could be applied to wheat products such as noodles and breads as a texture modifier, which is expected to give better texture than heat treated starch: non sticky, non mushy, and firm wheat products would be prepared owing to the low cold water solubility and retained granular shape. In the practical application of HHP treatment to starch modification, solute induced baroprotective effects against starch gelatinization during HHP treatment should be considered. 24) Studies on HHP treatment of starch have been carried out intensively in recent years, 25) and further application of HHP treated starch will be expected. 
